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Abstract 
Junctions of dissimilar semiconductors, heterojunctions, have been used in a variety of electronic, 
photonic, and optoelectronic devices. A prime example is the invention of Double Heterojunction 
(DH) lasers by H. Kroemer and Z. Alferov which was awarded the Nobel Prize in Physics in 2000 
for “laying the foundation of modern information technology.” When the distance between the two 
heterojunctions is reduced to a few nanometers, electron motion is confined to two dimensions 
resulting in a Quantum Well (QW). QW lasers which followed DH lasers show much better 
optoelectronic properties such as higher efficiency, narrower linewidth, and smaller threshold 
current. 
In this thesis, we analyze the effect of dimensionality on the absorption and emission properties of 
optoelectronic devices. We compare GaAs/AlGaAs DH, Multiple Quantum Well (MQW) and 
Quantum Wire Lasers where the active region is made of GaAs in each device. Specifically, we 
calculate the spontaneous emission rate and optical gain of these devices. This analysis helps to 
determine the underlying physics for the significant increase in the transition rates and optical gain 
of these devices due to electron confinement. We examine band-to-band optical transition rates for 
(a) 3D case of DH lasers, (b) 2D case of QW lasers, and (c) 1D case of Quantum wires, and derive 
and compare, spontaneous emission spectra and the gain coefficient for the three cases. We identify 
how dimensionality enhances emission spectra through modification of the Joint Optical Density 
of States (JODS) and oscillator strength. Finally, this study helps explain why heterojunction-
based core-shell nanowires show enhanced optoelectronic properties compared to core-only, or 
homojunction core-shell nanowires. 
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CHAPTER-1
INTRODUCTION 
 
 
 
Semiconductor devices have been used in number of active and passive Optoelectronic devices 
such as photodetectors, Light Emitting Diodes (LED’s), lasers, solar cells, and optical antennas. 
Properties of semiconductor material change when we move from three-dimensional devices to 
one-dimensional devices due to change in density of states function, absorption coefficient and 
joint optical density of states. One-dimensional devices show highest absorption of light as 
compared to two-dimensional and bulk materials as their absorption coefficient is highest.  
1.1.Background and Literature review 
This section gives a review of the evolution of Semiconductor lasers and discusses about the 
motivation for these devices over the time.  
1.1.1. Double heterostructures and Multiple quantum wells 
Heterojunction were introduced in semiconductor industry at the very dawn of electronics. The 
motivation to use heterostructures came from the work of H. Kroemer where he assumed that 
heterojunction may exhibit higher injection efficiencies as compared to homojunctions [1]. On 
examination of heterostructures, it was found that these structures exhibited (i) optical 
confinement, (ii) electron confinement and (iii) super injection of carriers which was found to be 
very beneficial for LED’s, solar cells, and photodetector applications [2]. The wide gap window 
effect in heterostructures allowed to broaden and control the spectral region of solar cells and 
photodetector and improved efficiency of LED’s [2]. Main advantages of Double Heterostructures 
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(DHS) as low threshold at room temperature DHS lasers [3]. Continuous wave operation of room 
temperature III-V lasers was first reported in 1970 [4] and is was found that the threshold current 
density was decreased by a factor of 4 as compared to previous heterostructure lasers. This DHS 
laser was realized in stripe geometry, depicted by Figure 1-1. 
 
Figure. 1-1. Schematic view of first DHS continuous wave laser. 
Although DHS laser offered electron confinement, many experiments lead to the discovery of 
quantum well lasers where the active region was reduced to some hundred angstroms and the 
electron level split due to quantum size effect. This effect is known as quantum confinement which 
occurs when the active region is below the de Broglie wavelength of the active region material of 
the laser. 
The first quantum well laser operation was shown by J.P. van der Ziel et. al in 1975 [5]. Although, 
the performance of this structure was comparable to a heterostructures and no new properties were 
observed. In the expectation of lower threshold current, research groups experimented by reducing 
the dimensions of the device and invented novel structures like quantum wells and multiple 
quantum wells. The effects in optical properties of a semiconductor device was first depicted with 
GaAs-AlGaAs heterostructures with a thin layer of GaAs quantum well by Dingle et al. [6]. 
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Leading to that, careful examination was made at AT&T Bell laboratories by Miller et al. [7] on 
optical properties of semiconductor quantum wells. The structure of their device is depicted in 
Figure. 1-2. GaAs/AlGaAs multiple quantum wells of width 96 Angstrom were studied and it was 
observed that absorption in this structure increases with increasing carrier concentration (Figure. 
1-3) [8]. Also, absorption coefficient decreased at low temperature of 75 K as compared to room 
temperature [9].  
 
Figure. 1-2. Schematic of Multiple quantum well laser 
 
Figure. 1-3. Absorption spectrum of GaAs/AlGaAs multiple quantum well structure (well width = 96 Å) with 
different carrier concentration; from [5] 
The main advantages of quantum wells are their high mobilities and saturation drift velocities and 
low effective masses which give high confinement energies [10]. Quantum well lasers have 
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superior performance than bulk lasers due to their low threshold current, high frequency operation 
capability, narrower linewidth, and low increase of threshold current with temperature [11]. 
Although, the threshold current is lower than DH lasers but a MWQ laser has a poor optical 
confinement factor [12-15]. But the decrease in optical confinement factor is compensated by an 
increase in material gain for a narrower active region. Also, the gain spectra are broader for QW 
lasers as compared to DH laser [16]. 
 
1.1.2. Nanowires 
From the above literature review it was observed that quantum wells are better than Double 
heterostructures in terms of gain and threshold current, but were found to be poor in optical 
confinement. To solve this problem, scientists discovered novel structure by reducing the 
dimensions of the device to a few nanometers to find the effect on emission and absorption 
properties of the device. After quantum wells, they were found to exhibit enhanced efficiency in 
terms of gain, absorption, and transition rates [17]. They have various applications in 
optoelectronic devices such as photodetectors [18], LED’s [19], solar cells [20] and lasers [21]. 
These miniaturized one-dimensional structures attracted interests of many scientists when they 
were found to exhibit lasing action. The first lasing action in a nanowire was observed for a ZnO 
nanowire in 2001 [21]. In the domain of nanowire lasers, ZnO and GaN have gained popularity 
due to their low threshold gain and threshold current densities values. In III-V semiconductors, 
GaAs, AlGaAs and GaN are widely used. Single nanowires have been fabricated and tested for 
their optical gain and it was found that these nanowires exhibited lowest gain of 250 cm-1 for the 
diameters above 300 nm as compared to bulk GaAs [22]. Absorption in GaAs nanowire with radius 
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of 20, 30 and 40 nm were compared to GaAs thin film and it was found that nanowires exhibited 
large absorption as compared to thin films by a factor of 2 [23]. 
1.2.Project Overview 
As per Moore’s law, the dimensions of transistors in an integrated circuit have been reduced by a 
factor of two in every eighteen months. Further scaling down of devices faces limitations in 
fabrication and device performance. Reduced dimensional structure shows potential to answer this 
challenge. To analyze the performance of these structure, we study these structures in detail in this 
thesis. In this thesis, we calculate the optical gain, absorption coefficient, stimulated emission rate, 
spontaneous emission rate of Double Heterojunction, multiple quantum well and nanowire lasers. 
We observe that reduced dimensional devises of same volume and lengths leads to improved 
performance of devices in terms of efficiency, transition rates, absorption coefficient and 
spontaneous emission rate. Optoelectronic devices have evolved tremendously in the past few 
decades with discovery of new parameters in these devices. Although a lot of research has been 
done on emission and gain behavior of lasers but transition rates have been discussed seldom. The 
motivation of this work came from the desire to contribute to the optoelectronics realm and 
demonstrate the transition rates in 3-D, 2-D, and 1-D lasers. 
It has been observed in various optoelectronic devices that with reduced dimensions, the efficiency 
of devices increases such as reduction of threshold injection current in quantum well, multiple 
quantum well and nanowire lasers. It is also observed that the absorption increases with reduction 
in dimensions of the devices. Hence it is depicted that with help of these devices, enhanced 
performance can be achieved by devices with minimal consumption of space. The significance of 
this work is that it gives a clear script of the properties of 3-D, 2-D and 1-D devices which can be 
used in optoelectronics device development. In this electronics age, it becomes essential for device 
   
 
6 
 
engineers to manipulate the device characteristics and parameters, and with the help of this work 
they can design devices per the required specifications. It will also be of importance, as it will 
provide guidance in maintaining a trade-off between cost and performance of their devices. 
1.3.Outline of Thesis 
In chapter 1, we discussed the previous work related to Double Heterojunction, Multiple quantum 
Well lasers and the evolution of these devices and their optoelectronic properties. This Chapter 
highlights the overview of this thesis and importance of this work in this era of electronics and 
optoelectronics devices. 
In chapter 2, we start with understanding the basics of optoelectronic devices in order to understand 
the working of these devices. This chapter discusses the conception of transitions in a two-level 
energy system, by describing the concepts of absorption and emission in semiconductors and types 
of transitions are also discussed. Later, the absorption and emission in three-dimensional, two-
dimensional, and one-dimensional optoelectronic devices are discussed in detail to understand the 
functioning of these devices and the effect of dimensionality on emission and absorption 
properties. 
Chapter 3 explains how to estimate the transition rates in nanowires. First, the Joint Optical Density 
of states in three-dimensional, two-dimensional, and one-dimensional devices are discussed 
followed by oscillator strength in three-dimensional, and two-dimensional devices. Finally, the 
effect of dimensionality on these parameters are discussed. 
Chapter 4 focusses on Double Heterojunction lasers and its absorption and emission properties. 
First, the structure used in this chapter is described followed by discussion on phenomenon of 
lasing. Optical confinement factor and gain threshold of this device is discussed and calculated. 
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After this, the optical gain and spontaneous emission rate are calculated and their spectral response 
is generated to understand the role of factors affecting the emission and absorption properties in 
this type of laser. 
Chapter 5 focusses of Multiple quantum well lasers and its absorption and emission properties. 
First, the structure used in this chapter is described followed by discussion on phenomenon on 
lasing. Optical confinement factor and gain threshold of this device is discussed and calculated. 
After this, the optical gain and spontaneous emission rate are calculated and their spectral response 
is generated to understand the role of factors affecting the emission and absorption properties in 
this type of laser. The importance of this chapter is that it compares the optical gain and 
spontaneous emission rate with the Double Heterojunction lasers discussed in chapter 4 to see the 
effect of dimensionality on the transition rates. 
In chapter 6, the Nanowire lasers and their emission and absorption properties are discussed 
followed by calculation of optical gain, stimulated emission rate and spontaneous emission rate. 
Also, the spectral response of these parameters is generated. Finally, the spontaneous emission rate 
and optical gain of nanowire laser are compared with multiple quantum well laser and double 
heterojunction laser discussed in chapter 5 and chapter 4, respectively. 
Finally, the results and conclusions are summarized at the end of this thesis. 
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CHAPTER 2 
 
EFFECT OF BAND TO BAND EMISSION AND ABSORPTION 
 
 
2.1.  Introduction 
Semiconductors are used in various optoelectronic devices such as LED’s, Lasers, and solar cells. 
The transition of carriers between the two energy levels of semiconductors is the basis of working 
of any optoelectronic devices. The physics and transition of carriers in semiconductors are 
discussed in detail in this chapter. 
2.2. Absorption and emission in semiconductors  
The upward and downward transitions of atoms between the energy bands is the foundation of the 
operation of various optical and optoelectronics devices. Upward and downward transition of 
atoms results in absorption and emission of light respectively [24]. The intensity of absorption and 
emission spectra helps in characterization of materials. It also gives information about the direct 
and indirect transitions and the bad gap of the material and the density of states.  
The phenomenon of transition of carrier for lower energy state to upper energy state in presence 
of excitation field is known as absorption. These transitions are also classified as direct and 
indirect. 
2.2.1 Direct bandgap absorption and emission 
In a direct transition, the electron is raised from the top of the valence band to the bottom of the 
conduction band with no change in momentum. When an electron is dropped without any change 
in momentum, the phenomenon is called direct emission.  
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Direct transition occurs from 𝜀(𝑘′) to 𝜀(𝑘′′) as depicted in Figure 2-1, depicting no change in 
momentum [24]. 
where, 
𝜀(𝑘′) =  −
ℎ2𝑘′2
2𝑚ℎ
∗                                                              (2.1) 
𝜀(𝑘′′) = 𝐸𝑔 + 
ℎ2𝑘′2
2𝑚𝑒
∗                                                       (2.2) 
where 𝐸𝑔 is the direct bandgap at 𝑘 = 0 and 𝑚ℎ
∗  and  𝑚𝑒
∗  are the reduced effective mass of holes 
and electrons in the valence and conduction band respectively.  
 
Figure. 2-1. Direct band transitions; from [24] 
2.2.2. Indirect bandgap Transitions 
In indirect transitions, change of momentum of electron is required. For such transitions, energy 
and momentum of phonons is required. Although conservation of momentum is required for both 
direct and indirect transitions. Conservation of momentum requires: 
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𝑘′′ + 𝑘𝑝 = 𝑘
′ + 𝑘𝑝ℎ                                                       (2.3) 
where 𝑘𝑝 is the wavevector of the phonon and 𝑘𝑝ℎ is the wavevector of the absorbed phonon.  
Since the 𝑘𝑝ℎ is small, so the conservation of momentum for an indirect transition is given by: 
𝑘′′ − 𝑘′ = +𝑘𝑝                                                            (2.4) 
Indirect transition can be understood by radiative and non-radiative recombination. Non-radiative 
recombination is where carriers recombine without the absorption and emission of photons, but 
involves emission and absorption of phonons. On the other hand, radiative recombination is a 
process is where the carriers recombine and emit photons. 
2.2.2.1. Indirect Absorption 
Indirect band Absorption can be explained with the help of Figure 2-2. In this transition, the 
conduction band minimum is not at k = 0 therefore the transition requires the change in momentum 
which is facilitated by involvement of phonons. Thus, the electron siting in the conduction band 
minima at k≠0 cannot combine with the hole at k = 0 until a phonon with the required energy and 
k vector is available to initiate the transition. The dwelling time of the electron in conduction band 
minima increases depending on the availability of the phonon with right amount of energy. The 
energy required for upward transition is 𝜀𝑝ℎ which is equal to 𝜀𝑔 + 𝜀𝑝 where 𝜀𝑔 and 𝜀𝑝 is the band 
gap energy and energy of phonon respectively. These transitions take place when a phonon with 
the right amount of energy is absorbed and the total amount of energy for the transition is equal to 
the energy band gap energy plus energy of phonon. 
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Figure. 2-2. Indirect band Absorption; from [24] 
2.2.2.2. Indirect Emission 
Indirect band emission can be explained with the help of Figure. 2-3 where the emission results in 
emission of phonon and photon. The energy of photon is given by 𝜀𝑝ℎ which is equal to 𝜀𝑔 − 𝜀𝑝 , 
where 𝜀𝑔 and 𝜀𝑝 is the band gap energy and energy of phonon respectively. 
 
Figure. 2-3. Indirect Band Emission; from [24] 
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Where ∆𝑘 =  𝑘𝑝 
2.3 Effect of dimensionality on band-to-band emission and absorption 
Study of band to band optical transitions in a semiconductor is an important aspect in optical and 
optoelectronic devices such as photodetectors, LED’s, solar cells, and lasers. The band to band 
optical transitions are described by stimulated, spontaneous emission rates and stimulated 
absorption rates. These rates are dependent on various parameters such as momentum matrix 
element and joint optical density of states. These rates change from one-dimensional structures to 
three-dimensional structures as the joint optical density of states and momentum matrix element 
are dimension-dependent quantities. In this chapter, we study the change of the rates with 
dimension of the structure and how can we quantify the effect of dimensions on transition rates in 
semiconductors. With the determination of transition rates, it can be determined that what kind of 
a structure is best suited for a certain application. 
 
2.3.1. Absorption and Emission in bulk semiconductor  
To study the effect of dimension on band to band optical transitions, we study the transition rates 
for absorption and emission from valence band to conduction band. The key parameters that play 
an important role in transition rate are momentum matrix element and joint optical density of states, 
which will be discussed in this chapter. 
The interaction between electrons and photon can be described by the Hamiltonian as given below 
[25] 
𝐻 =
1
2𝑚0
(𝑝 − 𝑒𝐴)2 + 𝑉(𝑟)                                                (2.5) 
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where   𝐴 is the vector potential representing electromagnetic field and 𝑉(𝑟) is the periodic crystal 
potential, 𝑝 is the momentum variable and 𝑟 is the position vector. The expansion of the 
Hamiltonian results in: 
𝐻 =
𝑝2
2𝑚0
+ 𝑉(𝑟) −
𝑒
2𝑚0
(𝑝. 𝐴 + 𝐴. 𝑝) +
𝑒2𝐴2
2𝑚0
                                (2.6) 
≅ 𝐻0 + 𝐻
′ 
where 𝐻0 is the unperturbed part of the Hamiltonian and 𝐻
′ is the perturbation caused by the light. 
The perturbed and unperturbed Hamiltonian can be written as: 
𝐻0 =
𝑝2
2𝑚0
+ 𝑉(𝑟)                                                 (2.7) 
𝐻′ = −
𝑒
𝑚0
(𝐴. 𝑝)                                                 (2.8) 
From Coulomb Gauge rule, we know that 
∇. 𝐴 = 0                                                          (2.9) 
such that 𝑝. 𝐴 = 𝐴. 𝑝 and𝑝 = (ħ 𝑖⁄ )∇, with the term 
𝑒2𝐴2
2𝑚0
 in equation (2.6) being much smaller than 
𝐴 and thus can be ignored. 
Using Fermi’s Golden rule, the rate of upward transition can be derived. The Fermi’s Golden rule 
is given by: 
𝑊𝑖𝑓 =
2𝜋
ħ
|𝐻𝑓𝑖
′ |2  𝛿(𝐸𝑓 − 𝐸𝑖 − ħ𝜔) +  
2𝜋
ħ
|𝐻𝑓𝑖
′ |2  𝛿(𝐸𝑓 − 𝐸𝑖 + ħ𝜔),          (2.10) 
 𝑖 and 𝑓 represents the initial and final states in a semiconductor and the momentum matrix element 
𝐻𝑓𝑖
′  is given by: 
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𝐻𝑓𝑖
′ = −
𝑒
𝑚0
 𝐴. < 𝑓|𝑝|𝑖 >  =  
𝑒𝐴0
2𝑚0
. ?̂?.  𝑝𝑓𝑖                                    (2.11) 
If the electron is in state 𝑖 (also valence band) and 𝐸𝑐 >  𝐸𝑣  then the transition rate from valence 
band to conduction band which is given by  
𝑊↑(𝑘𝑖) =
2𝜋
ħ
 |⟨f|H′(r))|i⟩|2 𝛿(𝐸𝐶(𝑘𝑖) − 𝐸𝑉(𝑘𝑖) − ħ𝜔)                          (2.12) 
this can be written as  
𝑊↑(𝑘𝑖) =
2𝜋
ħ
(
𝑞𝐴0
2𝑚
)
2
 |?̂?.  𝑝𝑐𝑣|
2  𝛿(𝐸𝐶(𝑘𝑖) − 𝐸𝑉(𝑘𝑖) − ħ𝜔)                      (2.13) 
 
where, 𝑝𝑐𝑣 is the interband momentum matrix element, the delta function represents the energy 
conservation and m is the mass of the electron. 
 
 
Figure. 2-4.  K-space in a bulk semiconductor. 
Here we are interested in number of transitions happening per unit volume per second. As can be 
seen in Figure. 2-4 that the carrier distribution is symmetric in k-space in bulk semiconductor, 
therefore we take transitions per unit per volume. The upward rate per unit volume per is obtained 
by summing all the initial states per unit volume and multiplying it by the probability of occupation 
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of the initial state and the probability that the final state is unoccupied. Therefore, the total upward 
transition rate is given by [26-29]: 
 
𝑅↑(𝜔) =
2
𝑉
 × ∑ 𝑊↑(𝑘𝑖) 𝑓𝑉(𝑘𝑖)[1 − 𝑓𝐶(𝑘𝑖)]𝑘𝑖                                   (2.14) 
 
where, 𝑓𝑉(𝑘𝑖) is the occupation probability of the valence band and [1 − 𝑓𝐶(𝑘𝑖)]  is the probability 
of the conduction band being empty. 
Assuming the case where conduction band is empty and the valence band is full. So, equation 
(2.14) reduces to  
 
𝑅↑(𝜔) ≈
2
𝑉
 × ∑ 𝑊↑(𝑘𝑖) 𝑘𝑖                                               (2.15) 
𝑅↑(𝜔) =
2
𝑉
 × ∑
2𝜋
ħ
(
𝑞𝐴0
2𝑚
)
2
𝑘𝑖  |?̂?.  𝑝𝑐𝑣|
2  𝛿(𝐸𝐶(𝑘𝑖) − 𝐸𝑉(𝑘𝑖) − ħ𝜔)                  (2.16) 
= 2× ∫
𝑑3 𝑘𝑖
(2𝜋)3
 
2𝜋
ħ
(
𝑞𝐴0
2𝑚
)
2
|?̂?.  𝑝𝑐𝑣|
2  𝛿(𝐸𝐶(𝑘𝑖) − 𝐸𝑉(𝑘𝑖) − ħ𝜔)                   (2.17) 
=
2𝜋
ħ
(
𝑞𝐴0
2𝑚
)
2
〈|?̂?.  𝑝𝑐𝑣|
2〉 2× ∫
𝑑3 𝑘𝑖
(2𝜋)3
 𝛿(𝐸𝐶(𝑘𝑖) − 𝐸𝑉(𝑘𝑖) − ħ𝜔)                  (2.18) 
=
2𝜋
ħ
(
𝑞𝐴0
2𝑚
)
2
〈|?̂?.  𝑝𝑐𝑣|
2〉 2× ∫
𝑑3 𝑘
(2𝜋)3
 𝛿(𝐸𝐶(𝑘) − 𝐸𝑉(𝑘) − ħ𝜔)                   (2.19) 
 
where the delta function represents energy conservation. 
The integral  ∫
𝑑3 𝑘
(2𝜋)3
 represents the joint optical density of states and in the case of bulk (3-D) is 
given by: 
1
2𝜋2
(
2𝑚𝑟
ħ2
)
3
2⁄  √ħ𝜔 − 𝐸𝐺  
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where 𝑚𝑟 is the reduced effective mass and 𝐸𝐺 is the band gap and ħ𝜔 is the energy of photon. 
Substituting the value of joint optical density of states in the above equation, the total transition 
rate or absorption rate can be given by: 
 
   𝑅↑(𝜔)    =
2𝜋
ħ
(
𝑞𝐴0
2𝑚
)
2
〈|?̂?.  𝑝𝑐𝑣|
2〉
1
2𝜋2
(
2𝑚𝑟
ħ2
)
3
2⁄  √ħ𝜔 − 𝐸𝐺                              (2.20) 
  
𝑅↑(𝜔)can also be written in terms of optical intensity 𝐼 and photon density 𝑛𝑝: 
Photon density is defined as number of photons per unit volume, and for a plane wave it is defined 
by [26-29]: 
𝑛𝑝 =
𝑃ℎ𝑜𝑡𝑜𝑛 𝑓𝑙𝑜𝑤 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑
𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
                                    (2.21) 
In other words, 
𝑛𝑝 =
1
2
 
𝜔2
ħ𝝎
 𝑛𝑛𝑔
𝑀𝜀0|𝐴0|
2                                                        (2.22) 
Power flow per unit area is called the optical intensity and is defined as: 
 
𝐼 =
𝑛𝜔2
2𝜇0𝑐
|𝐴0|
2                                                                (2.23) 
 
By substituting the equation (2.23) and (2.22) in equation (2.20), the total upward transition rate 
or stimulated absorption rate can be derived as: 
 
𝑅↑(𝜔)    = (
𝑞
𝑚
)
2
 (
𝜋𝑛𝑝
𝜔 𝑛𝑛𝑔
𝑀𝜀0
) 〈|?̂?.  𝑝𝑐𝑣|
2〉
1
2𝜋2
(
2𝑚𝑟
ħ2
)
3
2⁄  √ħ𝜔 − 𝐸𝐺                     (2.24) 
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2.3.1.1. Stimulated Emission 
The stimulated emission also can be calculated using Fermi’s Golden rule and can be obtained 
using the same procedure that was adopted to calculate the stimulated absorption in semiconductor. 
The stimulated emission rate is given by [26-29]: 
 
𝑅↓(𝜔) = (
𝑞
𝑚
)
2
 (
𝜋𝑛𝑝
𝜔 𝑛𝑛𝑔
𝑀𝜀0
) 〈|?̂?.  𝑝𝑐𝑣|
2〉 2× ∫
𝑑3 𝑘
(2𝜋)3
 𝑓𝐶(𝑘)[1 − 𝑓𝑉(𝑘)] 𝛿(𝐸𝐶(𝑘) − 𝐸𝑉(𝑘) − ħ𝜔)    
(2.25) 
 
2.3.1.2. Momentum matrix element for bulk semiconductor 
The momentum matrix element in a bulk semiconductor is given by: 
〈|?̂?.  𝑝𝑐𝑣|
2〉=
𝑚𝐸𝑝
6
                                                   (2.26) 
where the energy 𝐸𝑝 is dependent on the type of material. For example, 𝐸𝑝=25.7 for GaAs at 300 
K. 
 
2.3.2. Absorption and Emission in Quantum Well 
In this section, we will examine how optically induced transitions change when the system 
becomes reduced dimensional. Figure. 2-5 depicts the energy level in a quantum well. In a quantum 
well the quantum confinement occurs as the dimensions of a quantum well is less than De Broglie 
wavelength. As depicted in Figure. 2-5, the conduction and valence band have discrete energy 
levels 𝐸1
𝑐, 𝐸2
𝑐𝑎𝑛𝑑 𝐸1
𝑣 which corresponds to quantum numbers in conduction and valence band and 
L is the width of the quantum well.  
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Figure. 2-5. Energy band levels in a quantum well. 
 
 
 
Figure. 2-6. K-space in a quantum well. 
 
2.3.2.1. Stimulated absorption and stimulated emission in quantum well 
 
The band to band (interband) transition rates in a quantum well can be determined using Fermi’s 
Golden rule as described for the bulk case. However, as it can be seen in Figure. 2-6 that the carrier 
distribution is asymmetric in k-space for a quantum well and the energy and momentum is 
quantized in z direction, therefore we take transitions per unit area per second in a 2-D case. And 
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the spontaneous absorption rate is the upward transitions per unit area per second which is given 
by: 
  
𝑅↑(𝑠, 𝑝, 𝜔) = (
𝑞
𝑚
)
2
 (
𝜋𝑛𝑝
𝜔 𝑛𝑛𝑔
𝑀𝜀0
) |∫ 𝑑𝑧[𝛷𝑠
𝑐(𝑧)]∗ 𝛷𝑝
𝑉(𝑧)|
2
×2 ×
  ∫
𝑑2 𝑘||
(2𝜋)2
 |?̂?.  𝑝𝑐𝑣(𝑘0 , 𝑘0
′ )|2𝑓𝑉(𝑝, 𝑘||)[1 − 𝑓𝐶(𝑠, 𝑘||)] 𝛿(𝐸𝐶(𝑠, 𝑘||) − 𝐸𝑉(𝑝, 𝑘||) − ħ𝜔)            (2.27) 
and stimulated emission is downward transitions per unit area per second, and is given by [26-29]: 
 
𝑅↓(𝑠, 𝑝, 𝜔) = (
𝑞
𝑚
)
2
 (
𝜋𝑛𝑝
𝜔 𝑛𝑛𝑔
𝑀𝜀0
) |∫ 𝑑𝑧[𝛷𝑠
𝑐(𝑧)]∗ 𝛷𝑝
𝑉(𝑧)|
2
×2×
 ∫
𝑑2 𝑘||
(2𝜋)2
  |?̂?.  𝑝𝑐𝑣(𝑘0 , 𝑘0
′ )|2𝑓𝐶(𝑠, 𝑘||)[1 − 𝑓𝑉(𝑝, 𝑘||)] 𝛿(𝐸𝐶(𝑠, 𝑘||) − 𝐸𝑉(𝑝, 𝑘||) − ħ𝜔)            (2.28) 
for conduction bands s=1,2,3 and for valence band p=1,2,3. Where 𝑘0  wavevector is the function 
of transverse wavevector 𝑘|| and 𝑘0 is nearly parallel to the z-axis, and the integral represents the 
joint density of states in a quantum well. 
 
2.3.2.2. Momentum matrix element in a quantum well 
In a quantum well, the momentum matrix element is given by: 
 
〈|?̂?.  𝑝𝑐𝑣(𝑘𝑜, 𝑘𝑜
′ )|2〉=
𝑚𝐸𝑝
4
(𝑛𝑥
2+𝑛𝑦
2)                                                       (2.29) 
where 𝑛𝑥  and 𝑛𝑦  are the quantum numbers. 
Findings 
As it can be seen from the above derived expression for stimulated absorption rate and stimulated 
emission rate that the emission and absorption is the dependent on the momentum matrix element 
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and joint optical density of states for a bulk semiconductor and a quantum well case. As it can be 
seen, that for the bulk semiconductor the momentum matrix element is 
𝑚𝐸𝑝
6
 (equation 2.26) and 
comparing it with momentum matrix element of quantum well, which is given by equation 2.29, 
we see that momentum matrix element in bulk case is lower than the momentum matrix element 
of quantum well by a factor of (0.09). We know that joint optical density of states in a bulk 
semiconductor is given by 𝑁(𝐽)2𝐷 =
1
2𝜋2
(
2𝑚𝑟
ħ2
)
3
2⁄  √ħ𝜔 − 𝐸𝐺 and for a quantum well it is given by 
𝑁(𝐽)2𝐷 =
𝑚𝑟
𝜋ħ2 𝐿
 . 
Where the joint optical density of states will vary from 2-D to 3-D due to energy dependence in 
3D and the reduced effective mass. The reduced mass is given by 
1
𝑚𝑟
=
1
𝑚𝑒
+  
1
𝑚ℎ
   is dependent on 
effective mass of holes and electrons. From the above expression, we can deduce that the reduced 
mass is higher in a bulk semiconductor as compared to quantum wells as 𝑚ℎ = 0.51𝑚0  for bulk 
GaAs [36] and 𝑚ℎℎ = 0.118𝑚0 in GaAs quantum wells [35]. Therefore, reduced mass  
𝑚𝑟=0.055mo for bulk GaAs and 𝑚𝑟=0.041m0 for GaAs in a quantum well. 
Comparing the joint optical density and taking the effect of reduced mass in account the reduced 
mass in bulk semiconductor is lower by the factor of 0.023 as compared to reduced effective mass 
in quantum well, where we took GaAs as an example. This tells us about the change of factor in 
joint optical density of states from 2-D to 3-D and hence the change in absorption and emission 
rates for 2-D and 3-D structures. 
From the above findings, we can conclude the effect of dimensions on the band to band optical 
absorption and emission in semiconductors and by what factor absorption and emission will vary 
from 3-D to 2-D 
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CHAPTER 3
 
TRANSITION RATES IN QUANTUM WIRES 
 
 
3.1. Introduction  
Transition rates is a function of Joint Optical Density of states (JODS) and oscillator strength in 
optoelectronic devices. In this chapter, we discuss the estimation of effect of JODS and oscillator 
strength on transition rates in quantum wires. This effect is also discussed for bulk and quantum 
Well devices in this chapter. 
 
3.2. Joint Optical Density of States 
Conservation of momentum and energy forces the photon to interact with electrons and holes of 
specific momentum and energy. This interaction is described Joint Optical Density of states, 𝑁𝐽(𝜀). 
The electronic density of states is related to JODS by: 
𝑁𝐽(𝜀) =
𝑚𝑟
𝑚𝑒
𝑁(𝜀2)                                                       (3.1) 
where  𝑁(𝜀2) is the electronic density of states. 
The joint optical density of states for a bulk semiconductor is given by [25]: 
𝑁𝐽(𝜀)
3𝐷 =
1
2𝜋2
(
2𝑚𝑟
ħ2
)
3
2⁄  √𝐸 − 𝐸𝐺                                          (3.2) 
 
where E= ħ𝜔 i.e the energy of the photon. 
The joint optical density of states for a quantum well can be described as [25]: 
𝑁𝐽(𝜀)
2𝐷 =
𝑚𝑟
𝜋ħ2 𝐿
                                                                 (3.3) 
where 𝑚𝑟 is the reduced effective mass and L is the width of the quantum well. 
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The joint optical density of states for a rectangular quantum wire is [25]: 
𝑁𝐽(𝜀)
1𝐷 =
1
𝐿𝑥𝐿𝑦𝜋
√
2𝑚𝑟
ħ2
   
1
√ħ𝜔−𝐸𝑐𝑣
𝑚𝑛                                                  (3.4) 
where, 
  𝐸𝑐𝑣
𝑚𝑛 =  𝐸𝑔 +  
ħ2
2𝑚𝑟
[(
𝑚𝜋
𝑎
)
2
+ (
𝑛𝜋
𝑏
)
2
]                                        (3.5) 
Here 𝐸𝑔 is the band gap of the material, 𝐿𝑥 and  𝐿𝑦 is the width of the nanowire, 𝑚 and 𝑛 are the 
quantum numbers and a x b is the cross section of the quantum wire. 
 
Joint optical density of states is thus seen to be dependent on reduced effective 𝑚𝑟, where  
 
1
𝑚𝑟
=
1
𝑚𝑒
+ 
1
𝑚ℎ
                                                          (3.6) 
where 𝑚𝑒 is the effective mass of the electron and 𝑚ℎ is the effective mass of the holes. 
In quantum wells and quantum wires the  𝑚ℎℎ is effective mass for heavy hole in the first valence 
subband and 𝑚𝑙ℎ is the effective mass of light hole in the second valence subband. Effective mass 
is conduction band and valence band depends on the type of material. By comparison of effective 
mass for GaAs/AlGaAs quantum wire and quantum well for heavy hole it was found that that 
𝑚ℎℎfor quantum wire was 0.027 m0 and 𝑚ℎℎ for quantum well was 0.118m0 [35], where m0 = 
9.10938356 × 10-31 kg. 
From the above discussion, we can observe that the reduced effective mass is lower for quantum 
wires and higher in quantum well, because of the values compared from equation (3.6) for quantum 
wells and quantum wires. Hence, the Joint optical density of states will change according to the 
reduced effective mass. 
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3.3. Oscillator strength  
Oscillator strength is the probability of absorption and emission of electromagnetic wave in 
transitions between the ground state and excited state. The oscillator strength can be thought of as 
the ratio between the quantum mechanical transition rate and the classical absorption/emission rate 
of a single electron oscillator with the same frequency as the transition [30-32].  
 
3.3.1. Quantum well 
The oscillator strength in a quantum well for optical transition for an exciton state n is given by 
[33]:  
𝑓𝑛 =
2
𝑚ħ𝜔
|𝑃𝑛,0|
2
                                                         (3.7) 
where m is the mass of the electron, ħ𝜔 is the energy of the photon and transition matrix element 
is described by [33]: 
𝑃𝑛,0 = ∑ 𝑀𝐶𝑉(𝑞, 𝑘)𝐴
𝑛 (𝑞 + 𝑘, −𝑞)𝑞                                                     (3.8) 
where 𝑀𝐶𝑉 is the matrix element for optical transitions between valence band and conduction band 
and k is the photon wavevector and 𝐴𝑛 (𝑞1, 𝑞2) is Fourier transform of the exciton wave function. 
 
3.3.2. Quantum wire 
The oscillator strength per unit length in quantum wire is given by [34]: 
𝑓0 =
2
𝑚ħ𝜔
|𝑀𝑐𝑣
𝑒𝑥|2                                                                (3.9) 
where 
|𝑀𝑐𝑣
𝑒𝑥|2 = |
1
2𝜋
∫ 𝑑𝑘|| 𝛷𝑒ℎ(𝑘|)𝑀𝑐𝑣(𝑘|) |
2
                                          (3.10) 
   
 
24 
 
where  |𝑀𝑐𝑣
𝑒𝑥|2 is the momentum matrix element for excitons and 𝑀𝑐𝑣 is the momentum matrix 
element for the optical transition between the valence band and the conduction band where the 
integral represents the joint optical density of states [34]. 
 
Findings 
From the equation (3.10), we can see momentum matrix element depends on the Joint optical 
density of states which depends on the reduced effective mass and looking at dependence of 
oscillator strength on the reduced mass we can deduce that the oscillator strength increases with 
reduction in reduced mass and reduced mass is lower in quantum wires as compared to quantum 
well and thus the oscillator strength is reduced in quantum wire structure as compared to quantum 
wells. The momentum matrix element also describes the dependence of polarization on the 
incident photonic flux. 
 
3.4. Overlap Integral 
3.4.1.  Quantum well  
In a quantum well the block wave functions for a hole in the valence subband m,  
are derived as [25]: 
𝜓𝑎(𝑟) = 𝑢𝑉(𝑟)
𝑒𝑖𝑘𝑡.𝜌
√𝐴
 𝑔𝑚(𝑧)                                          (3.11) 
And for an electron in the conduction subband n, 
𝜓𝑏(𝑟) = 𝑢𝐶(𝑟)
𝑒𝑖𝑘𝑡
′.𝜌
√𝐴
 𝛷𝑛(𝑧)                                           (3.12) 
where 𝑢𝑉(𝑟)  and 𝑢𝐶(𝑟) are the periodic parts of the Bloch wave function , 𝐴 is the area of the 
quantum well and the transverse wavevectors 𝑘𝑡 = 𝑘𝑥?̂? + 𝑘𝑦?̂? , 𝑘𝑡
′ = 𝑘𝑥
′  ?̂? + 𝑘𝑦
′ ?̂? and the position 
vector 𝜌 = 𝑥?̂? + 𝑦?̂? . 
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And the overlap integral is defined by [25]: 
 
𝐼ℎ𝑚
𝑒𝑛 = ∫ 𝑑𝑧𝛷𝑛
∗+∞
−∞
𝑔𝑚(𝑧)                                             (3.13) 
 
3.4.2. Quantum wire 
The Bloch wave function in a rectangular quantum wire is given by [25] 
 
𝜓𝑐 =  
2
√𝑎𝑏
 𝑠𝑖𝑛 (
𝑚𝜋𝑥
𝑎
) 𝑠𝑖𝑛 (
𝑛𝜋𝑦
𝑏
) 𝑢𝑐(𝑟)
𝑒𝑖𝑘𝑧.𝑧
√𝐿
                                      (3.14) 
 
for conduction band and, 
𝜓𝑉 =
2
√𝑎𝑏
 𝑠𝑖𝑛 (
𝑚′𝜋𝑥
𝑎
) 𝑠𝑖𝑛 (
𝑛′𝜋𝑦
𝑏
) 𝑢𝑉(𝑟)
𝑒𝑖𝑘𝑧
′ .𝑧
√𝐿
                                    (3.15) 
 
for the valence band, where a×b is the cross section of the wire and L is the length of the wire and 
the overlap function is given by the integral of electron and hole envelope function. 
 
Findings 
The overlap integral also expresses the energy dependence of the matrix element for each transition 
occurring along the length of the nanowires. The overlap integral changes from 2-D to 1-D system 
as the electron distribution in a 2-D system is attributed to two dimensions in k-space whereas in 
1-D system the overlap integral with its envelope functions are taken into consideration along z-
axis in k space that is along the length of wire. 
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3.5. Conclusion 
It was found that the stimulated absorption and stimulated emission rate depends on the momentum 
matrix elements and joint optical density of states. It was found that joint optical density of states 
and momentum matrix element changed from one-dimensional structures to three-dimensional 
structures. Joint optical density of states was found to be a function of reduced effective mass 
which changed from one-dimensional structures to three-dimensional structures. The change in 
oscillator strength was also studied and it was found that oscillator strength increased with decrease 
in device dimensions. 
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CHAPTER 4 
 
DOUBLE HETEROJUNCTION LASER 
 
 
4.1 Introduction 
A Double Heterojunction or Double Heterostructure is formed when one semiconductor material 
is sandwiched between two other semiconductor materials. The outer layer semiconductor is called 
the cladding layer. The inner layer in a double heterostructure has a smaller bandgap than the 
cladding layer. 
Energy discontinuities occur at the boundaries in the smaller bandgap material which leads to 
quantum confinement in the smaller bandgap material. Recombination of electrons and holes takes 
place in the smaller band gap semiconductor and emission of photons takes place. In this chapter, 
the design of the heterostructure is described by Figure 4-1, where the active region id made of 
GaAs and has a width of 1 micrometer. The cladding layer are made of doped AlGaAs. 
 
Figure. 4-1. Structure of Double Heterostructure Laser 
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4.2 Laser Operation 
A laser works on the principle of population inversion. Population inversion occurs when most 
of the atoms or particles in a system are in higher excited states than in lower, unexcited states. 
 
Figure. 4-2. Population Inversion in a two-level system. 
 
Next, we study about optical confinement factor which is an important parameter for laser 
operation. Optical confinement factor is the measure of modal confinement or the fraction of 
optical intensity in the active region and is a strong function of the active region thickness.  
Optical confinement factor for a Double heterojunction laser is given by [24]: 
Г = ∫ Ѱ𝑚
2𝑑 2⁄
−𝑑 2⁄
(𝑥)𝑑𝑥                                                     (4.1) 
where d is the thickness of active region and Ѱ𝑚 is the photon wave for bulk semiconductor 
materials. 
 
4.3 Gain in the active region 
The optical gain is equal to the net stimulated emission rate divided by the photon flux, that is: 
𝑔(𝜀) =  
𝑝𝑜𝑤𝑒𝑟 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑣𝑜𝑙𝑢𝑚𝑒
𝑝𝑜𝑤𝑒𝑟 𝑐𝑟𝑜𝑠𝑠𝑖𝑛𝑔 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎
                                           (4.2) 
In other words, 
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𝑔(𝜀) =
𝑟𝑠𝑡
𝑛𝑒𝑡(𝜀)
𝑐.𝑛𝜀𝑢𝜀
𝑛𝑟
   (𝑐𝑚)−1                                              (4.3) 
where 𝑛𝜀 is the photon mode density, 𝑢𝜀 is the photon occupation number. In the above equation 
𝑟𝑠𝑡
𝑛𝑒𝑡(𝜀) is derived as [24]: 
𝑟𝑠𝑡
𝑛𝑒𝑡(𝜀) =  𝑟𝑠𝑡(𝜀) − 𝑟𝑎𝑏𝑠(𝜀)                                             (4.4) 
where 𝑟𝑠𝑡(𝜀) and 𝑟𝑎𝑏𝑠(𝜀) are stimulated emission rate and absorption rate, respectively. Now, net 
stimulated emission rate can be derived as: 
𝑟𝑠𝑡
𝑛𝑒𝑡(𝜀) = (
𝑛𝑟 𝑞
2𝜀 𝑝𝑐𝑣
2 𝑢𝜀
3𝜋∊0𝑚0
2ħ2𝑐3
)𝑁𝐽(𝜀)[𝑓𝑛(𝜀2) − 𝑓𝑝(𝜀1)]                           (4.5) 
Here, the first term in the set of parentheses is the stimulated transition probability, 𝑁𝐽(𝜀)  is the 
Joint Optical Density of states, 𝑓𝑛(𝜀2) and 𝑓𝑝(𝜀1) are distribution functions for electron and holes 
in conduction and valence band and are given by [24]: 
𝑓𝑝(𝜀1) = 𝑒𝑥𝑝 (
𝜀−𝜀𝑓𝑝
𝐾𝐵𝑇
)                                            (4.6) 
𝑓𝑛(𝜀2) = 𝑒𝑥𝑝 (
𝜀𝑓𝑛−𝜀
𝐾𝐵𝑇
) ,                                           (4.7) 
where 𝜀𝑓𝑝 and  𝜀𝑓𝑛 are quasi fermi levels in valence and conduction band respectively. 
𝑁𝐽(𝜀) in equation (4.5) is the Joint optical density of states for bulk semiconductor and is given by 
[24]: 
𝑁𝐽(𝜀) =
(2𝑚𝑟)
3
2⁄
2𝜋ħ3
(𝜀 − 𝜀𝑔)
1
2⁄    (𝑒𝑉−1. 𝑐𝑚−3)                                   (4.8) 
A double heterojunction laser is a three-dimensional structure. Therefore, the Joint optical density 
of states in the above equation is a three-dimensional JODS for a double heterojunction laser.  
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After substituting equation (4.5) and (4.8) in equation (4.3) the gain spectra can be expressed as: 
𝑔(𝜀) =
√2(𝑚𝑟)
3
2⁄ 𝑞2𝑝𝑐𝑣
2
3𝜋𝑛𝑟 ∊0𝑚0
2ħ2𝑐𝜀
(𝜀 − 𝜀𝑔)
1
2⁄ [𝑓𝑛(𝜀2) − 𝑓𝑝(𝜀1)]                     (4.9) 
It can be observed from the above equation that the optical gain is directly dependent on reduced 
effective mass, occupation probability in conduction and valence band, band gap of the active 
region material and oscillator strength of the active region material. The expression for the gain 
spectra is of high significance for laser design, as it is used to find the threshold carrier 
concentration of the laser by marking the threshold gain value in the spectral response of the optical 
gain and looking for the corresponding carrier concentration. Plotting equation (4.9), we get gain 
spectra of DH lasers as follows: 
 
Figure. 4-3. Gain Spectra of Double Heterojunction Laser 
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The shape of the above gain spectra is because of the 3D JODS and gain coefficient increases as 
the carrier concentration (n) increases as shown in Figure. 4-3. 
4.4. Spontaneous Emission Rate 
Spontaneous emission is a process in which the electron or charge carrier in the excited state makes 
a transition to an unexcited state (ground level) with an emission of photons. This kind of 
phenomenon is observed in optoelectronic devices such as lasers and LEDs. 
 
Figure. 4-4. Spontaneous Emission in a two-level system 
 
In a double heterojunction laser, the spontaneous emission rate is given as follow [24]: 
𝑟𝑠𝑝(𝜀) = 𝑃𝑒𝑚 𝑁𝐽(𝜀)𝑓𝑛(𝜀2)[1 − 𝑓𝑝(𝜀1)]    (𝑠
−1(𝑒𝑉)−1𝑐𝑚−3)                     (4.10) 
where 𝑃𝑒𝑚  is the emission probability and is equal to  𝑃𝑒𝑚 =
𝑛𝑟𝑞
2𝜀𝑝𝑐𝑣
2 (1+𝑢𝜀)
3𝜋𝜀0𝑚𝑜
2ħ2𝑐3
, where 𝑢𝜀  is the 
number of photons per mode is equal to unity for spontaneous emission and 𝑝𝑐𝑣 is the oscillator 
strength (see Appendix 1). 
It is depicted that the spontaneous emission rate is dependent on Joint optical density of states 
which is dimensional dependent parameter. For bulk devices (3-D devices) Joint optical density of 
states is given as [24]: 
   
 
32 
 
𝑁𝐽(𝜀) =
(2𝑚𝑟)
3
2⁄
2𝜋ħ3
(𝜀 − 𝜀𝑔)
1
2⁄    (𝑒𝑉−1. 𝑐𝑚−3)                                (4.11) 
 
Substituting the values in the above equation number and considering that the Boltzmann 
Approximation is valid, the above equation (4.10) becomes  
𝑟𝑠𝑝(𝜀) =
𝑚𝑟
𝜋ħ2𝐿𝑧𝜏𝑟
𝑓𝑛(𝜀2)[1 − 𝑓𝑝(𝜀1)]    (𝑠
−1(𝑒𝑉)−1𝑐𝑚−3)              (4.12) 
𝑟𝑠𝑝(𝜀) =
(2𝑚𝑟)
3
2⁄
2𝜋ħ3𝜏𝑟
(𝜀 − 𝜀𝑔)
1
2⁄  𝑒(𝜀𝑓𝑛−𝜀𝑓𝑝−𝜀𝑔)𝑒
−(
𝜀−𝜀𝑔
𝑘𝐵𝑇
)
(𝑠−1(𝑒𝑉)−1𝑐𝑚−3)               (4.13) 
where 𝜀𝑓𝑛, 𝜀𝑓𝑝 are quasi fermi levels for electrons and holes respectively and 𝜀𝑔 is the bandgap of 
active region of the laser. 
For a degenerate semiconductor, the qausi fermi levels can be related to carrier concentration using 
Joyce-Dixon approximation: 
𝜀𝑓𝑛 = 𝐾𝑇 [𝑙𝑛 (
𝑛
𝑁𝐶
) +
1
√8
(
𝑛
𝑁𝐶
)]                                         (4.14) 
𝜀𝑓𝑝 = 𝐾𝑇 [𝑙𝑛 (
𝑝
𝑁𝑉
) +
1
√8
(
𝑝
𝑁𝑉
)]                                         (4.15) 
 
where 𝑛 and  𝑝 are the concentration of electron and holes in the conduction and valence band 
respectively.  𝑁𝐶 and 𝑁𝑉   are the effective density of states function in the conduction and valence 
band of the active region material. 𝑁𝐶 and  𝑁𝑉 depends on the type of material used and changes 
from material to material. For double heterojunction laser discussed in this chapter, the active 
region is made of GaAs for which 𝑁𝐶 = 4.7 ∗  10
17 𝑐𝑚−3  and   𝑁𝑉 = 7 ∗  10
18 𝑐𝑚−3 for GaAs 
[36]. 
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Plotting the spontaneous emission rate for Double Heterojunction, we get the following graph: 
 
Figure. 4-5. Spontaneous Emission Spectra of Double Heterojunction Laser 
The above graph represents the spontaneous emission spectra, and the shape of the graph is 
described by the linewidth function which defines that the given transition between conduction 
and valence band will result in absorption and emission of photon. 
The total spontaneous emission rate per unit volume is defined as [24]: 
𝑅𝑠𝑝 = ∫ 𝑟𝑠𝑝(𝜀) 𝑑𝜀  𝜀   (𝑠
−1𝑐𝑚−3)                                (4.16) 
Total spontaneous emission rate is an important parameter in laser design as it is used to find the 
emission coupling factor and threshold injection current of a semiconductor laser. 
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4.5. Stimulated Emission Rate 
Stimulated Emission is the process by which an electron in the excited state is dropped to the 
ground state when it interacts with the incoming photon. The rate at which this process takes place 
is called stimulated emission rate. The stimulated emission rate per unit per energy interval is 
expresses as [25]: 
𝑟𝑠𝑡𝑖
3𝐷 = (
𝑛𝑟
2𝜔2
𝜋2ħ𝑐2
) 𝐶0
2
𝑉
∑ ∑ |ê. 𝑝𝐶𝑉|
2
𝑘𝑐 𝛿(𝐸𝑐−𝐸𝑣 − ħ𝜔)(𝑓𝑐 − 𝑓𝑣)𝑘𝑣                   (4.17) 
where 𝑛𝑟 is the refractive index of the active material ,ω is the angular frequency, ħ is the reduced 
Planck’s constant,  
2
𝑉
∑ ∑  𝑘𝑐𝑘𝑣 are summations over all k vectors in valence and conduction bands 
respectively and represents the JODS , |ê. 𝑝𝐶𝑉|
2 is the momentum matrix element  and 𝛿 function 
is the kronecker delta and 𝑓𝑐 and 𝑓𝑣 is the occupation probability in conduction and valence band 
and 𝐶0is a constant given by  
𝐶0 =
𝜋𝑒2
𝑛𝑟𝑐𝜀0𝑚0𝜔
2                                                            (4.18) 
Substituting the value of JODS in equation (4.16) the stimulated emission rate for a bulk 
semiconductor can be expressed as:  
                       𝑟3𝐷
𝑠𝑡𝑖 = (
𝑛𝑟𝜔𝑒
2(1+𝜇𝜀)
3𝜋ħ𝑐3𝜀0𝑚0
2 ) |ê. 𝑝𝑐𝑣|
2𝑓𝑐(1 − 𝑓𝑣)
(2𝑚𝑟
∗)
3
2⁄
2𝜋2ħ3
                       (4.19)         
4.6. Threshold Gain 
The power gained by the waveguide mode from the active region is equal to the power drained 
from the waveguide mode by the passive regions of the guide. Taking cavity losses and mirror 
reflectivity into account we get, 
Г 𝑔𝑡ℎ = [𝛾 +
1
2𝑙
𝑙𝑛 (
1
𝑅1𝑅2
)]                                                  (4.20) 
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The above equation represents the threshold condition of the cavity. Gain is proportional to the 
injected carrier concentration n and the value at which gain is equal to [𝛾 +
1
2𝑙
𝑙𝑛 (
1
𝑅1𝑅2
)] , is known 
as the threshold carrier concentration 𝑛𝑡ℎ and the threshold gain the value of optical gain at which 
the round-trip gain is equal to the round-trip loss and hen the lasing occurs 
 The gain threshold is given by [24]: 
𝑔𝑡ℎ =
1
Г
[𝛾 +
1
2𝑙
𝑙𝑛 (
1
𝑅1𝑅2
)]                                              (4.20) 
where Г is the optical confinement factor and is equal to 1, 𝛾 is the losses and 𝑙 is the length of the 
cavity and 𝑅1 𝑎𝑛𝑑 𝑅2 are the reflectivities. From section 4.2, we get the optical confinement factor 
equal to 1, for GaAs the mirror reflectivities are given by 0.32. Taking, 𝛾=10 𝑐𝑚−1 and 𝑙=400 µm 
and substituting these values in equation (4.20) we get 𝑔𝑡ℎ = 38 𝑐𝑚
−1. 
4.7. Conclusion 
From the discussion in this chapter, it was found that gain is of the order of thousand which is 
higher than conventional laser made of other materials. The optical gain increases as we increase 
the carrier concentration and the linewidth was found to be broad in optical gain and spontaneous 
emission spectra of DH laser. 
 
 
 
 
 
 
 
   
 
36 
 
 
CHAPTER 5 
 
MULTIPLE QUANTUM WELL LASER 
 
 
5.1. Introduction 
Quantum Well lasers have a narrow active region, due to which quantum confinement of charge 
carriers occurs and thus they are considered as reduced dimensional devices. The efficiency of 
quantum well laser is greater than bulk or conventional lasers due to quantum confinement. For 
compensation in the reduction of the active layers, identical quantum wells are used for the design, 
which is known as multiple quantum well (MQW) laser. In this chapter, we consider a MWQ 
structure which consists of 50 QW made of GaAs, with each QW sandwiched between barrier 
layer made of AlGaAs. The width the Quantum well and barrier layer is 10 nm. The structure of 
the MQW is explained by Figure 5-1.  
 
Figure. 5-1. Structure of the Multiple Quantum Well Laser 
In Figure 5-1, v.b and c.b stands for valence band and conduction band respectively and L is the 
width of the quantum well. 
Due to step density of states functions and Quantum confinement, MQW Well lasers exhibit large 
gain and spontaneous emission rate as compared to conventional Double Heterojunction lasers 
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which will be shown in this chapter. Also, the threshold injection current is low as compared to 
the laser discussed in previous chapter as the transparency carrier concentration for MQW laser is 
low as compared to the conventional lasers. 
 
5.2. Optical Confinement Factor 
Optical confinement factor of MQW Laser depends on the thickness and number of Quantum wells 
and barriers layers in the active region of the laser. The optical confinement factor of MQW Laser 
is given by [38]: 
Г =
𝛾𝑁𝑎𝑡𝑎
𝑡
                                                                   (5.1) 
where 𝑡 is the thickness of the active region and  𝑁𝑎is the number of quantum wells and  𝑡𝑎 is the 
thickness of quantum well, 𝛾 = 0.95 [38]. For the proposed design, 𝑁𝑎 = 50 and 𝑡𝑎 = 10 𝑛𝑚. 
Calculating with the above relation Г = 0.47. 
 
5.3. Gain in the active region 
Optical gain in a laser is equal to the net stimulated emission rate divided by the photon flux. 
This can be written as [24]: 
𝑔(𝜀) =  
𝑝𝑜𝑤𝑒𝑟 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑣𝑜𝑙𝑢𝑚𝑒
𝑝𝑜𝑤𝑒𝑟 𝑐𝑟𝑜𝑠𝑠𝑖𝑛𝑔 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎
                                           (5.2) 
In other words, 
𝑔(𝜀) =
𝑟𝑠𝑡
𝑛𝑒𝑡(𝜀)
𝑐.𝑛𝜀𝑢𝜀
𝑛𝑟
   (𝑐𝑚)−1                                                     (5.3) 
where 𝑛𝜀 is the photon mode density, 𝑢𝜀 is the photon occupation number, 𝑐  is the speed of light 
and 𝑛𝑟 is the refractive index of active material. In the above equation 𝑟𝑠𝑡
𝑛𝑒𝑡(𝜀)  is given by [24]: 
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𝑟𝑠𝑡
𝑛𝑒𝑡(𝜀) =  
𝑛𝑟 𝑞
2𝜀 𝑝𝑐𝑣
2 𝑢𝜀
3𝜋∊0𝑚0
2ħ2𝑐3
𝑁𝐽(𝜀)[𝑓𝑛(𝜀2) − 𝑓𝑝(𝜀1)]                             (5.4) 
 
where 𝑁𝐽(𝜀) is the Joint optical density of states, 𝑝𝑐𝑣
2  is the oscillator strength.  
For a Multiple Quantum, well laser the joint optical density of states is given by [39]:   
𝑁𝐽(𝜀) =
𝑁.𝑚𝑟
𝜋ħ2𝐿𝑧
                                                           (5.5) 
where N is the number of quantum wells and 𝑚𝑟 is the reduced effective mass and  𝐿𝑧 is the width 
of the quantum well. For the proposed design, N=50 and 𝐿𝑧 = 10 𝑛𝑚. 
To design a laser, it is essential to visualize the gain spectra of the given laser. For a multiple 
Quantum well laser the gain spectra can be obtained by substituting equation (5.5) and (5.4) in 
equation (5.3): 
𝑔(𝜀) =
𝑁.𝑞2𝑝𝑐𝑣
2
3∊0𝑚0
2𝑐𝑛𝑟 𝜀
𝑚𝑟
ħ𝐿𝑧
[𝑓𝑛(𝜀2) − 𝑓𝑝(𝜀1)]                                      (5.6) 
Plotting the above relation, we get the following graph: 
 
Figure. 5-2. Gain spectra of Multiple Quantum Well Laser 
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5.4. Comparison of DH laser and MQW laser optical gain 
In this section, we will compare the optical gain of the Double Heterostructure discussed in chapter 
4. We want to see the effect of dimensionality on the gain of these devices. The width of the active 
region is same in both devices, i.e. 1 micrometer. This section will explain the difference in the 
gain spectra of these devices even if the active region dimensions are the same. The difference in 
the structure can be observed by figure. 5-3. 
 
Figure. 5-3. Structure of DH laser (left) and MQW laser (right) 
 
 
 
 
1𝞵m 
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Figure. 5.4. Optical Gain of DH Laser (top) and MQW Laser (bottom) 
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As it can be seen in Figure 5-4 that the optical gain increases significantly for a MQW laser as 
compared to DH laser by a factor of 100. It is also observed that the optical gain increases with 
increase in carrier concentration. At energies, much larger than the band gap, the occupation of 
electrons and holes in the conduction band and valence band respectively is negligible and 
absorption process dominates. The gain is large in MQW as it shows dependence on JODS and 
JODS is large for MQW structures as compared to DH structures. 
 
5.5. Spontaneous Emission Rate 
As previously mentioned, the spontaneous emission rate for a laser is given by [24]: 
𝑟𝑠𝑝(𝜀) = 𝑃𝑒𝑚 𝑁𝐽(𝜀)𝑓𝑛(𝜀2)[1 − 𝑓𝑝(𝜀1)]    (𝑠
−1(𝑒𝑉)−1𝑐𝑚−3)             (5.7) 
where 𝑃𝑒𝑚
  is the emission probability, given by (see Appendix1): 
𝑛𝑟𝑞
2𝜀𝑝𝑐𝑣
2 (1 + 𝑢𝜀)
3𝜋𝜀0𝑚𝑜2ħ2𝑐3
 
When Boltzmann approximation is valid, 𝑟𝑠𝑝(𝜀) is given as: 
𝑟𝑠𝑝(𝜀) =
𝑁.𝑚𝑟
𝜋ħ2𝐿𝑧𝜏𝑟
𝑒(𝜀𝑓𝑛−𝜀𝑓𝑝 −𝜀𝑔)𝑒
(−
𝜀−𝜀𝑔
𝐾𝐵𝑇
)
  (𝑠−1𝑒𝑉−1𝑐𝑚−3)                     (5.8) 
where 𝜀𝑓𝑛 and  𝜀𝑓𝑝 are the quasi fermi levels which are given by Joyce Dixon approximation as 
follows: 
𝜀𝑓𝑛 = 𝐾𝑇 [𝑙𝑛 (
𝑛
𝑁𝐶
) +
1
√8
(
𝑛
𝑁𝐶
)]                                         (5.9) 
𝜀𝑓𝑝 = 𝐾𝑇 [𝑙𝑛 (
𝑝
𝑁𝑉
) +
1
√8
(
𝑝
𝑁𝑉
)]                                       (5.10) 
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Plotting the spontaneous emission rate for Multiple Quantum well laser, we get the following 
graph:   
 
Figure. 5-5. Spontaneous Emission Spectra Multiple Quantum Well Laser 
 
5.6. Comparison of DH laser and MQW laser Spontaneous Emission rate 
In this section, we will compare the spontaneous emission rate for a DH and MWQ laser and 
analyze the reason for change in spontaneous emission rate for both the lasers. It can be seen from 
Table. 5-1 that the spontaneous emission rate depends on JODS for DH and MWQ lasers and 
JODS  changes when we go from DH to MQW lasers due to reduced dimensionality.  
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 DH Laser MQW Laser 
Spontaneous 
Emission  
rate 
(𝑠−1(𝑒𝑉)−1𝑐𝑚−3) 
𝑃𝑒𝑚 𝑁𝐽(𝜀)𝑓𝑛(𝜀2)[1 − 𝑓𝑝(𝜀1)]                    𝑃𝑒𝑚 𝑁𝐽(𝜀)𝑓𝑛(𝜀2)[1 − 𝑓𝑝(𝜀1)]                   
JODS 
(𝑒𝑉−1. 𝑐𝑚−3)                                 
𝑁𝐽(𝜀) =
(2𝑚𝑟)
3
2⁄
2𝜋ħ3
(𝜀
− 𝜀𝑔)
1
2⁄     
𝑁𝐽(𝜀) =
𝑁. 𝑚𝑟
𝜋ħ2𝐿𝑧
 
Table 5-1.  Spontaneous Emission rates for DH and MQW Laser 
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Figure. 5-6. Spontaneous Emission Spectra for DH laser (top) and MQW laser (bottom) 
It can be seen from the Figure 5-5 that the spontaneous emission rate increases significantly for a 
MQW laser as compared to DH laser, due to its dependence on JODS (refer Table 1), which 
increases on moving from DH (3-D) to MWQ (2-D). 
 
5.7. Threshold Gain 
The power gained by the waveguide mode from the active region is equal to the power drained 
from the waveguide mode by the passive regions of the guide. Taking cavity losses and mirror 
reflectivity into account we get, 
Г 𝑔𝑡ℎ = [𝛾 +
1
2𝑙
𝑙𝑛 (
1
𝑅1𝑅2
)]                                                  (5.11) 
The above equation represents the threshold condition of the cavity. Gain is proportional to the 
injected carrier concentration n and the value at which gain is equal to [𝛾 +
1
2𝑙
𝑙𝑛 (
1
𝑅1𝑅2
)] , is known 
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as the threshold carrier concentration 𝑛𝑡ℎ and the thrshod gain the value of optical gain at which 
the round-trip gain is equal to the round-trip loss and hen the lasing occurs.  
The gain threshold is given by [24]: 
𝑔𝑡ℎ =
1
Г
[𝛾 +
1
2𝑙
𝑙𝑛 (
1
𝑅1𝑅2
)]                                              (5.12) 
where Г is the optical confinement factor and is equal to 0.47, 𝛾 is the losses and 𝑙 is the length of 
the cavity and 𝑅1 𝑎𝑛𝑑 𝑅2 are the reflectivities of the end facets. Taking 𝛾, 𝑙 , 𝑅1 and 𝑅2 same as 
taken for a Double Heterojunction Laser in chapter 5, we get 𝑔𝑡ℎ= 10 cm
-1 
by substituting the 
values in equation (5.12). When we compare the values of 𝑔𝑡ℎ for Double Heterojunction and 
MQW laser, we observe that the threshold gain reduces in MWQ lasers by a factor of 3.8 as 
compared to DH lasers. 
5.8. Conclusion 
From the discussion in this chapter it was found that the gain and spontaneous emission rate in 
MQW well laser was very high as compared to the Double Heterojunction Laser as discussed in 
chapter 4. In conclusion, the spontaneous emission rate and gain of MQW laser is high as compared 
to DH laser of the same active region width. 
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CHAPTER -6 
 
NANOWIRE LASERS 
 
6.1 Introduction 
 
Semiconductor nanowires have been a subject of great interest in past few decades due to their 
unique optical and optoelectronic properties. They have various applications in optoelectronic 
devices such as photodetectors, LED’s, solar cells, and lasers. These miniaturized one-dimensional 
structures attracted interests of many scientists when they were found to exhibit lasing action. III-
V wide gap semiconductors were found to be an optimum choice for lasers. The first lasing action 
in a nanowire was observed for a ZnO nanowire in 2001. In the domain of nanowire lasers, ZnO 
and GaN have gained popularity due to their unique threshold gain and threshold current densities 
values. 
 
6.2 Absorption in GaAs nanowires 
Absorption in nanowires increases due to its reduced dimensionality and increased Joint optical 
density of states. The absorption is more as compared to double heterostructures and quantum well 
due to reduction in reduced effective mass of nanowires.  
The absorption in nanowires can be observed with absorption coefficient which is given by [25]: 
𝛼1𝐷 = 𝐶0|ê. 𝑝𝑐𝑣|
2(𝑓𝑣 − 𝑓𝑐)
(𝑚𝑟
∗)
3
2⁄
𝜋ħ𝑚𝑒
∗𝐿𝑥𝐿𝑦
1
√(ħ𝜔−𝐸𝑔)
                                                (6.1) 
where 𝑓𝑣 and 𝑓𝑐  are fermi Dirac distribution function in valence band and conduction band 
respectively, 𝑝𝑐𝑣 is the oscillator strength and  𝑚𝑟 and 𝑚𝑟 are the reduced effective and effective 
mass of electrons. 𝐿𝑥 and 𝐿𝑦  are the nanowire widths  
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6.3 Optical Gain in GaAs nanowires 
 
The gain in a nanowire is given by  
𝑔(𝜀) =  
𝑝𝑜𝑤𝑒𝑟 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑣𝑜𝑙𝑢𝑚𝑒
𝑝𝑜𝑤𝑒𝑟 𝑐𝑟𝑜𝑠𝑠𝑖𝑛𝑔 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎
 
In other words, 
𝑔(𝜀) =
𝑟𝑠𝑡
𝑛𝑒𝑡(𝜀)
𝑐.𝑛𝜀𝑢𝜀
𝑛𝑟
   (𝑐𝑚)−1                                              (6.2) 
where 𝑛𝜀 is the photon mode density, 𝑢𝜀 is the photon occupation number.  In the above equation 
𝑟𝑠𝑡
𝑛𝑒𝑡(𝜀) is given by [24]: 
𝑟𝑠𝑡
𝑛𝑒𝑡(𝜀) =  
𝑛𝑟 𝑞
2𝜀 𝑝𝑐𝑣
2 𝑢𝜀
3𝜋∊0𝑚0
2ħ2𝑐3
𝑁𝐽(𝜀)[𝑓𝑛(𝜀2) − 𝑓𝑝(𝜀1)]                           (6.3) 
Here 𝑓𝑛(𝜀2) and 𝑓𝑝(𝜀1) distribution functions for electron and holes in conduction and valence 
band and are given by [24]: 
𝑓𝑝(𝜀1) = 𝑒𝑥𝑝 (
𝜀−𝜀𝑓𝑝
𝐾𝐵𝑇
)                                            (6.4) 
𝑓𝑛(𝜀2) = 𝑒𝑥𝑝 (
𝜀𝑓𝑛−𝜀
𝐾𝐵𝑇
)                                             (6.5) 
where 𝜀𝑓𝑝 and  𝜀𝑓𝑛 are quasi fermi levels in valence and conduction band respectively. 
 𝑁𝐽(𝜀) in equation (6.3) is the Joint optical density of states for nanowire and is given by [25]: 
𝑁𝐽(𝜀) =
1
𝐿𝑥𝐿𝑦𝜋
√
2𝑚𝑟
ħ2
   
1
√ħ𝜔−𝐸𝑐𝑣
𝑚𝑛      (𝑒𝑉
−1. 𝑐𝑚−3)                                             (6.6) 
where, 
   
 
48 
 
  𝐸𝑐𝑣
𝑚𝑛 =  𝐸𝑔 +  
ħ2
2𝑚𝑟
[(
𝑚𝜋
𝑎
)
2
+ (
𝑛𝜋
𝑏
)
2
]                                        (6.7) 
𝐿𝑥 and 𝐿𝑦 is the width of the rectangular nanowire of cross section 𝑎 and 𝑏. 
Where 𝐸𝑔 is the band gap and 𝑚𝑟 is the reduced effective mass of nanowire,𝑚 and 𝑛 are the 
quantum numbers in the valence and conduction band respectively, 𝑎 and  𝑏 are the width of the 
nanowire. The gain of the nanowire can be derived as: 
𝑔(𝜀) =  
𝑛𝑟 𝑞
2𝜀 𝑝𝑐𝑣
2 𝑢𝜀
𝐿𝑥𝐿𝑦3𝜋∊0𝑚0
2ħ2𝑐3
1
𝜋
√
2𝑚𝑟
ħ2
   
1
√ħ𝜔−𝐸𝑐𝑣
𝑚𝑛 [𝑓𝑛(𝜀2) − 𝑓𝑝(𝜀1)]                           (6.8) 
 
Plotting the above relation, we get the gain spectrum of nanowire laser: 
 
Figure. 6-1. Optical gain spectra of a Nanowire laser 
 
From Figure. 6-1, It is seen that the linewidth of the spectrum decreases and the shape account for 
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the JODS of a nanowire. The optical gain increases as we increase the carrier concentration, n. 
6.4. Comparison of optical gain of DH, MQW and Nanowire lasers 
In this section, we will compare the optical gain in DH, MQW and Nanowire lasers. We observe 
the effect of dimensionality on the optical gain by generating the spectral response of gain of these 
devices. The effect of JODS on the optical gain on these devices is also explained. 
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Table. 6-1. Optical Gain for DH, MQW and Nanowire Laser 
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From Table 6-1 it can be deduced that is dependent on the occupation probability and JODS. The 
effect of JODS is explained by gain spectrum of DH, MQW and Nanowire laser shown in Figure 
6-1.  
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Figure. 6-2. Optical gain spectra for DH, MQW and Nanowire lasers 
   
 
52 
 
It can be seen from Figure 6-1. That the value of gain increases from DH laser to MQW lasers to 
Nanowire lasers due to the increase in JODS as the dimension decreases from DH to Nanowire 
lasers. 
 
6.5 Stimulated Emission rate in GaAs nanowires 
Stimulated emission is the process where the atom in the higher energy states drops to a lower 
energy state when a photon is incident on a two-level semiconductor system. Stimulated emission 
rates are enhanced in nanowires as compared to double heterostructure and quantum wells due to 
reduction in reduced effective mass and increase in Joint Optical Density of stages. The stimulated 
emission rates in a nanowire is given by [25]: 
 
𝑟𝐼𝐷
𝑠𝑡𝑖 = (
𝑛𝑟𝜔𝑒
2(1+𝜇𝜀)
𝜋ħ𝑐3𝜀0𝑚0
2 ) |ê. 𝑝𝑐𝑣|
2𝑓𝑐(1 − 𝑓𝑣)
(𝑚𝑟
∗)
3
2⁄
𝜋ħ𝑚𝑒
∗𝐿𝑥𝐿𝑦
                                               (6.9) 
 
6.6 Spontaneous Emission rate in GaAs nanowires 
The spontaneous emission rate for a laser is given by [24]: 
𝑟𝑠𝑝(𝜀) = 𝑃𝑒𝑚 𝑁𝐽(𝜀)𝑓𝑛(𝜀2)[1 − 𝑓𝑝(𝜀1)]    (𝑠
−1(𝑒𝑉)−1𝑐𝑚−3)                   (6.10) 
where 𝑃𝑒𝑚 =
𝑛𝑟𝑞
2𝜀𝑝𝑐𝑣
2 (1+𝑢𝜀)
3𝜋𝜀0𝑚𝑜
2ħ2𝑐3
  known as the probability of emission (refer Appendix 1). 
When Boltzmann approximation is valid, 𝑟𝑠𝑝(𝜀) is given as: 
𝑟𝑠𝑝(𝜀) =
𝑛𝑟𝑞
2𝜀𝑝𝑐𝑣
2 (1+𝑢𝜀)
𝐿𝑥𝐿𝑦3𝜋𝜀0𝑚𝑜
2ħ2𝑐3
1
𝜋
√
2𝑚𝑟
ħ2
   
1
√ħ𝜔−𝐸𝑐𝑣
𝑚𝑛 𝑒
(𝜀𝑓𝑛−𝜀𝑓𝑝 −𝜀𝑔)𝑒
(−
𝜀−𝜀𝑔
𝐾𝐵𝑇
)
  (𝑠−1𝑒𝑉−1𝑐𝑚−3)  (6.11)                    
where 𝜀𝑓𝑛 and  𝜀𝑓𝑝 are the quasi fermi levels which are given by Joyce Dixon approximation as 
follows: 
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𝜀𝑓𝑛 = 𝐾𝑇 [𝑙𝑛 (
𝑛
𝑁𝐶
) +
1
√8
(
𝑛
𝑁𝐶
)]                                         (6.12) 
𝜀𝑓𝑝 = 𝐾𝑇 [𝑙𝑛 (
𝑝
𝑁𝑉
) +
1
√8
(
𝑝
𝑁𝑉
)]                                         (6.13) 
 
Plotting the spontaneous emission rate for Multiple Quantum well laser, we get the following 
graph: 
Figure. 6-3. Spontaneous Emission spectra of Nanowire Laser 
 
6.7. Comparison of Spontaneous Emission Rate of DH laser, MWQ laser and Nanowire laser 
In this section, we compare the spontaneous emission rate of DH, MQW and Nanowire lasers. 
Table 6-2 signifies the role of JODS in the spontaneous emission rate of these devices.  
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Table. 6-2. Spontaneous Emission rate of DH, MQW and Nanowire lasers 
 
From Table. 6-2., the spontaneous emission rate of DH, MQW and Nanowire lasers depend on the 
Joint Optical Density of states. 
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Figure. 6-4. Spontaneous Emission spectra for DH, MQW and Nanowire Lasers 
From Figure. 6-3., it can be seen that the spontaneous emission rates increase significantly when 
we move from DH laser to MQW laser to QW lasers. This is due the dependence on the JODS 
which increases as we reduce the dimensions of a device and move from 3D to 1D. 
 
6.8. Conclusion 
In this chapter, we derive and examine the spontaneous emission rate and gain of nanowire lasers. 
Also, we compare this with the MQW laser and DH laser explained in chapter 4 and 5. It can be 
seen that the spontaneous emission rate and optical gain increases as we reduce device dimensions, 
i.e. from 3D to 1D device. 
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SUMMARY AND CONCLUSION 
 
In this thesis, we study the effects of dimensionality on transition rates and gain in optoelectronic 
devices. Here we examine the change in the device optoelectronics properties due to change in 
dimensional dependent parameters. We see that the JODS is a significant parameter which changes 
as we reduce the dimension of an optoelectronic device and becomes large as the dimensions of 
the device decreases. It was also observed that oscillator strength plays an important role on 
transition rates in DH, MQW and nanowire lasers as oscillator strength increases as we move from 
DH (3-D), MQW (2-D) and nanowire lasers (1-D). In this thesis, we derived, examined, and 
analyzed the spontaneous emission rate and optical gain of DH, MQW and nanowire lasers.   It 
was observed that the gain and spontaneous emission rate was dependent on JODS and oscillator 
strength which are dimensional dependent parameters. It can be seen in chapter 6 that the gain and 
spontaneous emission rates increased as the device dimensions decreased, i.e. from DH to 
nanowire lasers. The change in the shape of the peaks of the gain and spontaneous emission rate 
was attributed to the JODS which changed from 3D to 1D devices. It was also observed that the 
gain in each device increased as the injected carrier concentration increased. This was due to the 
Fermi Dirac distribution, which shows dependence on quasi fermi levels which are a factor of 
injected carrier concentration. From the comparison of optical gain and spontaneous emission rate 
in chapter 6, it can be seen that the gain and spontaneous emission rate in MWQ (2D) lasers 
increases by a factor of 10 as compared to DH (3D) lasers and in nanowire (1D) lasers it increases 
by a factor of 100 as compared to MQW lasers and by a factor of 1000 as compared to DH lasers. 
From the above discussion and analysis, it can be concluded that the efficiency of devices increases 
as the device dimensions reduces. 
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APPENDIX 1 
Derivation of Emission Probability 
 
In this section, we will derive the emission probability for a direct band transition from valence 
band to conduction band. We consider that the valence band is full and 𝑘′ determines the 
momentum of transition which is the momentum of the charge carrier in the valence band and 𝑘′ 
is the equal to 𝑘′′ (momentum of charge carrier in conduction band minima). The transition 
probability for a transition between 𝜀𝐶(𝑘
′) and 𝜀𝑉(𝑘
′′) is given by: 
|𝐴𝑚|
2 = |𝐴𝑘
′′|2  
4|𝐻𝑘′′𝑘′|
2𝑠𝑖𝑛2[(𝜀𝑘
′′−𝜀𝑘
′ −ħ𝜔)𝑡/2ħ]
(𝜀𝑘
′′−𝜀𝑘
′ −ħ𝜔)
2                          (A1.1) 
The momentum matric element 𝐻𝑘′′𝑘′is given by  
𝐻𝑘′′𝑘′ = −
𝑞𝐴
2𝑚0
𝑎0. 𝑝𝑐𝑣                                           (A1.2) 
Transition probability can be defined as per unit volume per unit time. Combining equation (A1.1) 
and equation (A1.2), transition emission probability is given as: 
𝑃(ħ𝜔)𝑡 =
1
4𝜋3
|𝐴𝑘
′′|2 =  
𝑞2|𝐴|2
4𝜋3𝑚0
2  ∫
|𝑎0.𝑝𝑐𝑣|
2𝑠𝑖𝑛2[(𝜀𝑘
′′−𝜀𝑘
′ −ħ𝜔)𝑡/2ħ]𝑘′′2𝑑𝑘′′
(𝜀𝑘
′′−𝜀𝑘
′ −ħ𝜔)
2               (A1.3) 
where 𝑑𝑘′=𝑘′2𝑑𝑘′𝑑Ω and 𝑑Ω=sin 𝜃 𝑑𝜙. And 
∫ |𝑎0. 𝑝𝑐𝑣|
2𝑑Ω = 4𝜋𝑝𝑐𝑣
2                                            (A1.4) 
Therefore,   
𝑃(ħ𝜔)𝑡 =  
𝑞2|𝐴|2
𝑚0
2  ∫
𝑝𝑐𝑣
2 𝑠𝑖𝑛2[(𝜀𝑘
′′−𝜀𝑘
′ −ħ𝜔)𝑡/2ħ]𝑘′′2𝑑𝑘′′
(𝜀𝑘
′′−𝜀𝑘
′ −ħ𝜔)
2                          (A1.5) 
where  
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|𝐴|2 =
𝑢𝜀ħ
2𝜀0𝜔𝑉
                                                       (A1.6) 
Taking 𝜀𝑘
′′ − 𝜀𝑘
′ − ħ𝜔=x and substituting equation (A1.6) in (A1.5) we get  
𝑃𝑒𝑚 =
𝑛𝑟𝑞
2𝜀𝑝𝑐𝑣
2 (1+𝑢𝜀)
3𝜋𝜀0𝑚𝑜
2ħ2𝑐3
                                                    (A1.7) 
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